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A STUDY OF SCATTERING FROM E-PLANE
CIRCUIT ELEMENTS

This study contains two parts. In part one, a new analytical technique is
introduced to characterize the scattering phenomena of a number of planar E-plane
obstacles. This technique is based on the spectral domain method combined with
residue calculus. This is the first time the spectral domain method has been used to
solve a waveguide excitation problem. It provides some attractive features. For
instance, it can handle a wide non-touching E-plane fin on a dielectric substrate; the
method deals with inhomogeneous algebraic equations instead of integral equations;
and also the spectral domain Green's functions have simple closed-form
expressions. The calculated results for a simplified case are compared with existing
data, and are in good agreement. Several curves, useful for E-plane configurations,
are included.

Part two presents an analysis and design of an evanescent mode bandpass
waveguide filter with non-touching E-plane fins. The theoretical analysis is based
on the generalized scattering matrix technique in conjunction with the spectral
domain approach, which is described in part one, and mode matching method. The
method used in this study takes into account the dominant as well as the higher order
mode effects. The measured filter responses in Ka band (26.5-40.0 GHz) are in
good agreement with those obtained by this analysis.
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PART ONE

SPECTRAL DOMAIN ANALYSIS OF SCATTERING
FROM E-PLANE CIRCUIT ELEMENTS
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. I. INTRODUCTION

Recently, finlines [1,2] and other E-plane structures [3,4,5] have found
wide applications in millimeter-wave integrated circuits. Their advantages over
conventional microstrip at millimeter wavelengths include: reduced radiation, less

stringent tolerances, compatibility with hybrid devices, and ease of transition to

standard waveguide. A number of passive, active and non-reciprocal components
have been developed with the E-plane technique. One of the key elements for
passive E-plane components is the E-plane strip that is inserted in the middle of a
waveguide parallel to the E plane, as shown in Fig. I-1. A comprehensive design
process of E-plane bandpass filters has been reported [6]. The E-plane fin described
in Fig. I-1 is an inductive element. Its equivalent circuit is shown in Fig. I-1(c).
The analysis of the E-plane fin connecting the top and bottom walls is relatively
straightforward [6], because the problem is two-dimensional. The non-touching
E-plane fin described in Fig. I-2 is the more general form. It contains both inductive
and capacitive elements, as shown in its equivalent circuit. It is more flexible for
design. On the other hand, no extensive and accurate characterizations of
non-touched E-plane fins seem to exist. A method based on a variational technique
has been introduced for a special case where there is no dielectric substrate inserted
in the waveguide [7]. The method in 7] is useful for a narrow strip, because only
one current component along the E-plane direction is used and the assumed current
distribution is constant in the axial (Z) direction.

This study introduces a new analytical technique to characterize the
scattering phenomena of a number of planar E-plane obstacles. For instance, it can

handle a wide non-touching E-plane fin on a dielectric substrate. Unlike the method




. based on the variational technique, scattering coefficients of the dominant, as well as

higher-order, modes can be derived. The incident mode can be either dominant or a
higher-order.

The method in this study is an extension of the spectral-domain method
commonly used for characterizations of eigenmodes in a transmission line on a
multi-layer structure. It is extended to the excitation problem and hence provides a
set of algebraic equations corresponding to coupled integral equations that would be
derived in the space domain. Compared to the integral equation method, the new
technique has a number of advantages. For instance, algebraic equations are easier
to handle numerically. Also the spectral-domain Green's functions have simple
closed-form expressions. Compared to the variational method [7], the present
- method is not only more versatile but also is attractive from a computational point of
view. In the new method, it is necessary to calculate the eigenvalue of only the
particular scattered mode of interest. The variational method requires evaluations of
all eigenvalues. Furthermore, the method in [7] assumes that only the TE- modes
are scattered. By the nature of the formulation, the present method contains both the
TE- and TM- modes in its formulation.

The calculated results for a special case (€,=€ 5 =€ 3= 1, See Fig.I-2 (b))

are compared with experimental and computed data in [7] to check accuracy.
Several useful curves of normalized input admittance and equivalent circuit element
values are presented for a number of different parameters of the structure. Those
data are applicable to the design of bandpass filters, diode mounts, and tuning

. elements of the form described by Konishi [3,4,5].

..........
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o - I. FORMULATION
A

In this study only the unilateral E-plane fin is treated. Application to a

v bilateral configuration is straightforward. In reference to Fig. I-2, the strip is

A assumed to be perfectly conducting and infinitesimally thin. The first step of

3 analysis is to find the scattering parameters at the edge of the non-touching E-plane

fin. Then the normalized admittance and other equivalent circuit element values can

4 be obtained from the scattering parameters. The basic idea used in the solution of
this problem is described briefly as follows.

v For a given incident field Ei, the Fourier transform of the field scattered

by the strip, say Ey, can be obtained by using the spectral domain technique. On the

other hand, the scattered field Ey can also be written as a sum of the eigenfunctions
! with unknown coefficients. Taking the Fourier transform of the sum and applying
™~ the orthogonality of the eigenfuctions, one determines the unknown coefficients,
[y
which are related to the scattering parameters. The non-touchting fin can be
o ~
: expressed by its equivalent circuit. When the waveguide is terminated with a -
: matched load, the values of the equivalent circuit elements are calculated from the 3
3 &
y real and imaginary parts of the normalized input admittance. The procedure is given "
;: in detail below.
)
. -
:‘ » )
N
B A. MODAL EXPANSION OF SCATTERED FIELDS
¢
:‘ In this study the harmonic time dependence is the form in ¢ J®, but this
1%
5 term is suppressed throughout the analysis for convenience. Consider an incident

.
vhn R w_ €
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electric field E! which comes from left side of the waveguide as indicated in Fig.I-2,

the modal expansion for the Ey component of the scattered field is given by :

: ' 1%,
Ef(x.}’»z)'EysLse‘*' Ejism L,
{ "t
© "
Z E Cr;n¢m(x)cos(any)elp'"(:+ W/2)' I — W/2 ::::
mel n=l e
= = | | 2
={ L L on(x)cos(a,y)(E, e+ E} e mt), (2| <W/2 s
me]ln=0
o neo A ,
Y X Chron(x)cos(a,y)ePmmti=w/n, >W/2 R
\ m=1n=0
. NL
N
© o0 ‘:.
£ Eonvmenioncn oy ¥
co o g:,
+H{ XX Yol x) 008 () Fy e 8201 4 Ehe ), <wp o
mm=] ne} .':h
SRR G
Z I Danbn(x)cos(a,y)esictiowrm, 2>W)2 (1-1) i
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where :
C,sinh(y,,.x), O<x<h ;‘:C
¢m(x)= AMSinh[Yan(x—hl)]+BmCOSh[72m(x_hl)]r hl<x<hl+h2 (I-ﬁ) ﬂ ;
sinh [ vy, (a - x)]. hy+h,<x<a 9
Lo,
C. sinh (y{,x), 0<x<h, o
‘IIM(X)= A:vISinh[Y;m(x_h))]*.B::ICOSh[Y'l’m(x—hl)]' hl<X<hl+hz (1—3) : y
sinh [v3m(a ~ x)}, hy+h,<x<a put,
and :~
nw o
"e
a:+ﬁfm=klz +Yi3n (I—S) -
al+poh=ki+ i (1-6) Y
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W
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. Here € and | are the permittivity and permeability of free space, respectively; €

is the relative dielectric constant in the region i; a, is the nth eigenmode

corresponding to the Y direction in the waveguide; ¥; and ¥ip, are the mth

eigenmodes of LSE- and LSM-modes in the partially filled waveguide in region i,

and can be obtained by solving the following eigenvalue equations [8], together with

equations ( I-5) and (I-6) .
h
, e (rhy)
tanh (Y h tanh (v h
iU L (1-8)
y
I —Y3—- + y,tan (1,hy)
@anh (Y;h,)
Benhtsh)  fenh(h)
Y,tanh(‘ﬁh,) +_1_ 53 ' ) ' -0 (1-9)
€ & 1 . Y,tanh(y,h,)anh(y,h,)
) %BY

where B, and B',, are the propagation constants of the mnth LSE- and
LSM-mode, respectivelty. An equation similar to ( I-1 ) can be written for E,
component . If the induced current components Jy(y,z) and J,(y,z) are provided the

scattered fields B;' and EF can be expressed as follows :

*." W ;.', .

» " 'y :',.
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EX(x,y,2)= f:dy'f_:dz' [Gy(x.y-y'2=2)0(y"2")

+G,(x,y—y.z2-2)(y",2")] (1-10)

2 E:‘(x.y.l)-f:dy’f_n dz'[G,(x,y =y 2—-2')],(y",2") ,
;;: +G,,(x,y—y',z—z’)J,(y',z')]. (1-11)

A where ny etc. are the Green's functions in the space domain. One way to find Iy L

o and J, is the application of the integral equations which require that the total

tangential electric field components to be zero on the strip.

5 El(x,y,2)+ ES(x,y.2) =0 (I1-12)
W (x=h,+ h,, y, zonstrip).

h EX(x,y,2)+ E5(x,y,2) =9 (I-13)

KX The integral equations are »

, (] , w/2 , , ’ g
d Ey(hl+hz»}"7') +.£d)' f_w/zdz [ny(hl+h2'y—y 22 )Jy(y 2 )

w
'.' +G,,(h,+h2.y—y’.z—z’)J,(y',z')]=0 (0<y<b-|ll<'2‘)

h (1-14) ‘
b, ., W, [G..(hy+h ,y—y',z—ll)-’(y’v’-)
E:(h]+h2'y'z) +fody J—Wﬂdz [ ‘X( 1 2 ’

4
vl 4G (h+hyy -y 1=V (2] =0 (°<y<b'm<_2_)' :

,'.:: (I-15)
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If Eqgs. (I-14) and (I-15) are solved, Jy and J, can be obtained. These Jy and J, are
then substituted into Bqs. (I-10) and (I-11) so that E; and E; are available n‘t.'
everywhere. If the scattered field coefficient of a particular mode is needed, the E;

and E: can be used in (I-1). Each coefficient may be found using the orthogonality o

of the expansion functions. Although the above formulation is correct, such an ha'

approach is not adopted in this study. Instead, a corresponding procedure is applied ;i.\: )

in the Fourier-transformed domain. There are two reasons for using this new A
technique. N
(1) In the Fourier-transformed (spectral) domain, coupled algebraic vid
equations instead of coupled integral Egs. (I-14 ) and (I-15) are involved. oy
(2) Derivation of the Green's functions in the space-domain is very ;‘-r‘
complicated. In the spectral-domain, the Fourier-transformed Green's functions are Lot
given in closed forms. o
e

The Fourier transform is defined as following: N

Fla, B)=[" errdy [~ f(y,2)em ds NG
n P - .,

. -1

a,=—.

The Fourier transform of Eq. (I-1) at x=h;+h, is given by oy

PR AL PR PR o P N S S o PR L AP AR A o ST R A o - PR I YA ST Y
A A o e A o e T o T e o e T e e T I A e T T A T T
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Ef(an' p) - CT;LSE + EfLSM

o -iwB/2
- Zlbs. Si“h(ﬁmha) C;N[R%:E'_)- - ”G(B + Bmu)el’..»'ﬂ]

sin (B"'B."')W . (B"ﬁm)W

sin
+E} 2

2
(8+8...) " (B = Ba)

+| Eq,
J(B=Bi)

Bw/2
+ C:;" Wa(p - Bnnn)ch--W/i - e’ ]’

0 -jBw/2 ,
+ Z ku bs"nh(yllmh)) Dr;n[—'———_”s(ﬁ"'ﬂp:m)em-‘wﬂ

mw] J( B + B;:m)
. (B+Br:m)w . (ﬁ_ﬂp:m)W
sin ——-2—'—'— sin "'_'2"'—‘
+|F; +F,,
" B+Baa B-Ban
. B e AW/ x
+Dlllll "8(B—Bm")e - “'m"’,‘"‘—) n-oolvzv”' :::-:::‘-
(1-17) o
e
RRAN
wh
e N
1 0 \:
2 - 0 k - { n+ '.:'..;‘
""'{1 0 ©0 =0 RO
W'y
-
- : : o
The coefficients C,, and D, can be solved by the orthogonality of the ,‘_.::::
N
oy
eigenfunctions, if the scattering field E; is known. b
'.I ,l ’
e’
N
o
£
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B. SCATTERED FIELDS IN SPECTRAL DOMAIN Ay

Next step is to obtain the scattered fields in the Fourier-transformed i
domain. To this end, the spectral-domain technique needs to be extended to the ~
excitation problem. The Fourier transform of Eqs. (I-14) and (I-15) at x=h;+h, is
given by

E"',',(a,,.ﬁ)+ Ef(u,,ﬁ)-f;(a,,ﬁ) (1-18) ph

E!(a,,B)+ EX(a,,B) = El(a,.B) (1-19)
where i

ES(a,.B) =G, (a,.B)J,(a.. B)+ G, (a,, B) J(a,,B) (1-20) CINg
E5(a,.B) =G, (a,.8)7,(a,.B)+ G, (a,, B)(a,,B) (1-21) N

are the scattered electric fields in the spectral domain. f}yy, Gyz, and G, can be :\'Q"

obtained by the immittance approach [9] ( Appendix A). Notice that the right sides BN
of Egs. (I-18) and (I-19) are not zero. This is because the application of the Fourier

transform requires use of fields not only on the strip but also the fields outside of 0

-~

tthe strip. Hence, Eqgs. (I-18) and (I-19) contains four unknowns J, J,, fiys and Ei 2:3
In the process of solution by Galerkin's method, E‘;’, and éi are eliminated. To this o,

end, jy and 32 are expand as follows: oo
' -
'iy(amp)- zlal‘,yl(alnp) (I 22) — ]
-

J N
j;(a,,.ﬁ)- 2 bj"'xj(an'ﬁ)' (1-23) o
=1

R RS PO R R TR (L (N N R g A R A g R S R R R R TR T N I N .y
A AR TRt s . RN REACATREA TR )
O O AN ORI X . “"\'{‘ " N \ \"."'\ vy : ACFCRCICATIENS - L
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where a; and bj are the unknown current coefficients and need to be determined.

The .fyi and 3zjare basis fuctions. They should be selected in accordance with

criteria that will be discussed in the next section. Substituting Eqs.(I-22) and (I-23)
into Eqs. (I-18) and (I-19) and taking the inner product of the resultant equations

with suitable basis functions, we may use the Parseval's relation to eliminate f:‘.; and
R 8 . e s - -~ S ~ el -~
E,. The inner products of Ey and in, and E; and sz are zero, because in andJ zj re

Fourier transforms of the functions that are nonzero on the strip while ES and E; are

transforms of the functions nonzero outside the strip. The results are given by

d J -9
ZK;?“:"' ElK:;bj-_sn' p=12,-1 (1-24)
iml j=
! J
22 - PPN I_z
T Kja,+ L Kgbi=—S.e q=1.2.---J (1-25)
1=} j=1
where
o0 w0 . . . _
k= L [ J3(a.8)G,(a8) ), (e, B) dB (1-26)
ne - =

ye 2y
K=Kl

= 2 /_‘”jy;(a,,.ﬁ)(fy,(a,,,ﬂ)f”.(amp)dﬁ (1-27)
Kkg= L 7 Ji(anB)G, (. BY S, (a0 B) dB (1-28)
Sy )3 f_”J}:(a.-B)b’,’(a,.B)dB (I1-29)
Sql- E j_wj;:(a"ﬁ)f;(a.'ﬁ)dp (1‘30)

where * indicates the complex conjugate.

. e W

4 '.'~-~-..‘ v,
O NN RN
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For a given incident field, Eqs.(1-24) and (I-25) are solved, and a; and bj

can be obtained. Hence, .Ty and fz are now known. The scattered fielts in the

Fourier-transformed domain, which is described by Eqs. (I-20) and (I-21) , now are

completely determined. Since G Gyz . éu , J;, ,and J; are all known.

Yy’

C. SCATTERING PARAMETERS

The scattering coefficients C3, and D3, can now be obtained. Let us

express the left-hand side of Eq. (I-16) with Eq. (I-20). Since fy and .fz are now

found, f}yy and f}yz are given in closed forms: (Appendix A)

G, = Z'N? + Z'N} (I-31)

e x . (1-32)
Gy: = Gly- (Z - Zh)NaNy

G, = Z*N3 + 2N} (1-33)

where Z°, zh Ny, and N, are given in Appendix A. The left-hand side of Eq.(I-17)

is completely known. Furthermore, the left-hand side contains poles at f=* mn and

B =:B'mn, since they are zeros of the denominators of ny and Gyz. These values

provide the eigenvalues of the LSE- and LSM-modes, v, and Y. The right-hand




| e
| o
16 : '}:"
o
| side of (I-17) contains LSE poles at -B__in the C term and at +3__ in the C}| 23
oy
3
term. It contains LSM poles at -’ in the D_ - term and at +f' in the D;m ? )
term. Therefore, C;,, and Dfnn can be obtained by residue calculus. This process AN
AN
corresponds to the use of the orthogonality relationship to find the modal coefficients N
in the space-domain. The results are given by: :.:
e
Crmt tim |(87p,,) e taeB 00 BVt Opan )10 B) 2 -~
m pth. Jb8, sinh(yy,./15) ..‘,:
b,
Z:_;-s
"t
= e s =f2 n=0 (I-34) "
(n 0.1.2, ,m 1,2,3 S, {1 "‘0) t:
6 {008, (82,8) + Gl 8) . B) ™
a a + a @ Tl
twF | ¥ B EZANMLLLS AL A relom LA FiwBs1 0w
Dy, . _!lmp;- [( B¥*8.,) 75 sinh (1. hy) e ] e
(n=1,2,3-,m=1,2,3--") (1-35) Ron
e
l:.-i:
It should be noted that, the above equations are simplified in the case of E-plane fins PN
Lo
connecting the top and bottom wall. Since there are no field variations in the ey
o
y-direction and only TE,,, modes are scattered for a TE;, excitation, we have only R
o
D“:l%
one equation (I-18). All the Fourier-transformed quantities are functions of 8 only. o
. o
3
D. NORMALIZED INPUT IMPEDANCE AND EQUIVALENT CIRCUIT 1'.
\
3
ELEMENTS v,
The non-touching E-plane fin shown in Fig. I-2(a) may be represented by ~;
..__-.:J.
an equivalent T-network, as shown in Fig. I-2(c). When the waveguide is ".-'_\.-'
.:_\ 3
o 2
\l"h
c'.-:’
o
N
. O ‘ o s - R NS N P NS S TP N N It R R Lo Tt -
T N A RN NN SN RS T L
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s terminated with a matched load, as shown in Fig. I-3(a), its equivalent circuit is

shown in Fig. I-3(b). The normalized input admittance may be represented by

1-R

(1-36)
1+R

where R is the reflection coefficient for the dominant mode, and can be determined

in the present method by means of Egs. (I-34 ) and (I-35). The normalized

reactances X, and X, can be determined, after Y;, in Eqgs. (I-34) and (I-35) is

obtained. The expressions of X, and X, are given by Egs. (I-37) and (I-38).

(APPENDIX B)
B, L G.t |7 (1-37)
X"*[(th?,—c.‘,) * B},+G},—Gi,,]
X, B FX I-38
VT G- (BL+GL) ¥ (1-38)

The sign in Eqgs.(I-37) and (I-38) can be determined by using the Foster

reactance theorem which require dx/dw > 0 for a lossless element. We can also

determine the values of C and L in the equivalent circuit Fig. 1-3(b), once X, is

found, under the assumption that the variations of C and L with frequency are small.

The capacitance and inductance can be obtained by solving coupled equations.

1
wL—a--X1 (1-39)
1 dx,
—_—— (1-40)
+ Cw! do’
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I RESULTS AND DISCUSSION

g A. CHOICE OF BASIS FUNCTION :%E

In principle any kind of basis functions may be used as long as it is f:-;g '
nonzero only on the strip. However, due to the variational nature of the spectral o
domain method, the efficiency and accuracy of this approach depends greatly on the
choice of basis functions. For rapid convergence of the solution, the functions ey
should satisfy the edge condition [10]. Also it is desirable that the Fourier Efﬂ'.
transforms of the basis functions are available in a analytical form. With the above
consideration, the following set of functions are employed. Qat

cos[(k-l)(:;- z ] sm[(2l 1) 2d ’2')] f;::’-

MEE T

sl + )] 0[5 5]

»/1-(-1; i-(3)

where k and [ are integers, and i and j are given by a suitable combination of & Y4

"yl(y!z)_-

.
RPN

VR
CARLE

¥,

'Ixj(yrz) =

JI-42)

"' {.‘fﬁT
o vl . .{.
LT Wlg

e

e

A

and /. The basis function Jyl(y,z) (! =1 and k =1 ) is shown in Fig. I-4(a); and

r'
AT P

~

J,1(y,2), corresponding to / =1 and k =2, is expresed in Fig. I-4(b ). The Fourier

52

x

transforms of the basis functions are given by Eqs. (I-43) and (I-44).

TRNYYANAY
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Jyi (,B) = (0.5d€059@EDR[ ] 10.520-1)x +0qd ]
-ed@EDR T o d-0.528-1)n 1]} {0.25wn ¢ 05ik-Dn

[Jo!0.5(k-1)x + 0.5Bw | + I@-DE 3 10.5Bw- 0.5(k-1)x | ]}
(1-43)
Jzj(oB) = (05de 05@UDr [ 5,10.5(28-1)x + oy d |

+ed@EDRy | d-0.5(28-1)m 1] } {0.25wr e 0-Silk-Din

[Jo!0.5(k-1)m +0.5Bw | - e3@-Dr 5 ) 0.5Bw- 0.5(k-1)ml 1}
(I-44)

where J , denodes the zero-order Bessel function of the first kind.
B. VALIDITY CHECK

To compare the present method with the experimental and computed data

in the previous publication [7], we considered first special case €,=€,=€;=1. We

assume that a dominant-mode incident electric field Eylo= -jB10¢1(x)e'jB‘°Z,

where ¢1(x) is defined in Eq. (I-2), comes from the left of the waveguide. The
numerical result has been checked by the power conservation law in which the

equation IRIZ+ ITI2 = 1 has to be satisfied, R and T are the reflection and

transmission coefficients for the dominant-mode, and can be determined from Cio

and Cl"('), which are given by Eq. (I-34). The calculated results for different
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parameters are given in Table 1. It shows that [RI 2+ ITI 2 is essentially 1. The
convergence test with different number of basis functions has been performed.
Although accuracy can be increased with a larger number of basis functions,
computation efforts also increase.

A comparison of the normalized susceptance versus frequency between
the numerical results obtained by present approach and those given in [7] is shown
in Fig. I-5(a) and (b). It is found that the numerical results agree well with the
experimental data and Chang's data. It is believed that the present method is more

accurate and can be improved systematically with the use of more basis functions.

C. RESULTS AND DISCUSSION

Figures I-6(a) and I-6(b) show the variations in normalized admittance
versus frequency with different values of dielectric constant of the substrate in

Region 2. As the dielectric constant of the substrate increases, the resonant
frequency at which the B;, becomes zero decreases. This phenomenon happens

because as the dielectric constant of the substrate increases the wavelengths
corresponding to each mode become shorter. The resonant frequency and the
characteristics of input admittance of the structure can be controlled by the dielectric
constant of the substrate.

Figures I-7 and I-8 show the variations of normalized admittance versus
the height and width of the strip at different frequencies for an E-plane fin inserted in
a Ka-band rectangular waveguide. As shown in Fig. I-7, for a fixed width of the

fin, the shorter the height , the higher the resonant frequency is, because the shorter
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fin corresponds to smaller values of capacitance and inductance in the equivalent

circuit. For a fixed height of the fin (Fig. I-8), the higher resonant frequency is
related to a narrower fin, which has smaller capacitance. One way to obtain a given
resonant frequency of this structure, is to change the dimension of the fin.

Figures I-9 and 1-10 show the values of X; and X, versus the height d
and the width w of the strip in an X-band rectangular waveguide. It is noted that for
a given frequency, X is not sensitive to d, whereas X, increases with d. When w
increases, X, increases. On the other hand, X, decreases with w for a higher

frequency and increases in a certain region of w for lower frequency. (Curve A in
Fig. I-10(b)). Figures I-11 and I-12 are the data corresponding to those in Figs. I-9
and I-10 except that the frequencies are in the Ka-band. Figures I-13 and I-14 show

X and X, versus frequency with different values of height and width for the
Ka-band waveguide. In Fig. I-13 it is seen that for a narrow strip X varies slowly

as frequency is increased, while X, varies faster for a narrower strip than for a wider

one. Those informations are very useful from design point of view. For instance,

to control the resonant frequency of this structure, it is much better to tune the height

of the fin instead of changing its width. In this way, X, can be changed without

affecting X since only Xj, is sensitive to the variation of the height of the fin .

Figure I-15 shows the variation of normalized capacitance C and

normalized inductance L versus d. It is noted that there are two regions. In one of
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them (approximately corresponding to d=w, in this calculation w=1.0mm) C
increases and L decreases as frequency increases. In another region C decreases and
X L increases as frequency becomes higher. It is conjectured that this phenomenon is S

related to the field distributions and to the use of the equivalent circuit chosen here.
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v CONCLUSIONS

A new analytical technique has been developed, that can be used for . ."%,.
characterizations of the scattering phenomena of planar E-plane obstacles. The S
numerical results for a special case agree well with experimental and published data. 2::
The curves of normalized input admittance and equivalent circuit element values are s
presented for a number of different parameters of this structure. This technique is
believed to bo useful in the design of microwave filters and other planar circuit :ﬁ

components. o
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PART TWO oh

ANALYSIS AND DESIGN OF EVANESCENT MODE :::':',:
WAVEGUIDE BANDPASS FILTER WITH g
NON-TOUCHING E-PLANE FINS NI
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I INTRODUCTION

In the late 1950's Jaynes [1] and Edson [2] proposed that resonators built in
cutoff waveguide may be used in filter design. These kinds of filters are called
evanescent mode ( or 'ghost mode' as Jaynes called it ) filters. Microwave bandpass
filters using evanescent modes Lave been designed successfully [3,4,5]. The

evanescent mode bandpass filter has several advantages compared to the conventional
type of bandpass filters (waveguide above cutoff, coaxial line etc.). For instance, a

sharper transition to out-of-band rejection can be obtained on the higher frequency
side. Evanescent mode waveguide filters are also smaller than traditional waveguide
filters. A waveguide operating below its cutoff frequency is basically an inductive
element [5,6]. Suitable capacitive elements are needed to construct an evanescent
mode waveguide bandpass filter. Evanescent mode filters using conventional
capacitive elements such as tuning screws [4,5] are costly and difficult to mass
produce because of their complicated structure. Non-touching E-plane fins[7], which
are easily to fabricated, are proposed in this study as the capacitive elements. The
filter structure, shown in Fig. II-1, consists of a number of non-touching E-plane fins
placed in a rectangular waveguide below cutoff. The fins may be metal only or
supported by a dielectric layer. The input and output portions of the filter are coupled
to the external circuits via double step waveguide junctions. The larger waveguides
operate above the cutoff frequency. Since the capacitive elements utilize a printed
circuit structure, they are suitable for mass production at low cost.

The initial approach to the synthesis of an evanescent mode filter was based

on image-parameter theory [3]. This approach cannot be used for exact design
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technique to obtain the scattering matrix description of the evanescent mode filter.

The insertion loss and the return loss of the filter then can be obtained from the final

scattering matrix.
Filters designed with the present technique have been tested in Ka band

(26.5-40.0 GHz). Good agreement between theory and measurement is observed.
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IL ANALYSIS AND DESIGN PROCEDURE I
SV
oy
The analysis and design of an evanescent mode waveguide bandpass filter "'.'::
BN,
with non-touching E-plane fin is based on the generalized scattering matrix technique é; K
in conjunction with the spectral domain approach and the mode matching method. A
B
The study begin with brief description of the generalized scattering matrix . Then the o
e
scattering matrix representations for the double-step junction, the non-touching h{,’;
E-plane fins, and the evanescent mode waveguide section are obtained by the mode -“-;:‘3-
- A
SN
matching technique, spectral domain method, and waveguide theory, respectively. r'.'-:}:‘
f‘l" .'
Finally, these scattering matrices are combined to obtain the final generalized E,:\

scattering matrix. The filter response is calculated from the final scattering matrix.

(3

",
“

&,
)
o ¥n

."r ’1

A . GENERALIZED SCATTERING MATRIX

Mgt

The concept of a generalized scattering matrix, introduced by Mittra and Pace

{10], is closely related to the scattering matrix of circuit theory or of microwave

network theory. It differs by including scattering of all modes, so that the scattering ]
u-‘:-. )
matrix will in general be of infinite order. In the following discussion, the term " RN,
scattering matrix " will mean "generalized scattering matrix ." ';-I-';‘:- ’
I‘_- L.

The scattering matrix can be defined for a junction discontinuity at which the

fields may be expanded in modes, such as the double-step waveguide junction show
in Fig.II-3. Consider that the mnth TE mode is incident upon the plane z=0 from the

larger waveguide I and waves are reflected back into waveguide I and transmitted

into smaller waveguide II. If the amplitude of the mnh TE incident in I is normalized
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SN

to unity, then the amplitude of the pqth TE scattered mode in waveguide I is S[ﬁ AN
(pg,mn), and the amplitude of the pqth transmitted TM mode in waveguide II is Sl}ﬁ W
et
ME EE ; - P
(pq,mn) . The terms SIII (pq,mn) and S5y (pq.mn) are the generalized natrix P
ME EE : : ; M

elements of S and S 5T respectively. The other scattering matrixes , such as o
22N
SEM Sflpi and S"I“L{l etc., may be similarly defined [10,11]. In conventional PN
ol

scattering matrix formulations, the propagating modes are normalized so that a mode RSN
tevay

carries unit power. Since the generalized scattering matrix includes evanescent e
I

modes, such a normalization is inappropriate. One consequence is that the scattering j?_j.'_
-"’f“
matrix is not symmetric. Pl
By

A

In the notation used above, the scattering matrix relates the excited modes to

the incident ones via :

A’ Al Siy Stm | | A Y
=181 | |-
BS B! Sui Sun| | B (I-1)

The superscript s indicates scattered fields, and i expresses the incident fields. The .

general element of S is S’l‘>]’ (pq,mn), where x and y = E or M, represent a TE or TM o
to x wave; iand j =1 or Il indicate the Region I or Region II; m, n, p and q are DA

integers corresponding to different modes. For example, ST I(11 10) repressents N
i

the ratio of the amplitude of reflected TM;; in Region II to the amplitude of an

incident TE,( wave in Region I. In more detail the above equation runs as follows: -

P AN -‘\.

Al les
\5'-'1%""
PR XA

>

<

i
j B o N AL,

T NI AN NN LT R e Tttt N e e e AT e AT et At C et . - -
S,‘ '&S oy e T o, LVl D PR S o » . ™. PR PR v - . .
W } 'F hY - '. - R A A A rd J.'- ..-‘. R U L S A L R AL S o w e ., .\' ~ ~fq'f. \.\i'._— .Jf.'/."fq.f
. - A A / o g, A



CYRRTTERY JRPCILI S orY

(AR(10)]
AE(20)

Ay(O1)
A},(02)

B(10)
BE(20)

By, (01)
By(02)

EE EE EM EM ™
S”(IO,IO) S17(10,20) ... SI“(IO,OI) S”l(I0.0Z)...

SEE(20,10) SEE(20,20) .. sET20,01) $51(20,02)...

sME(01,10) sME(01,20) .. sMM(01,01) sMM(01,02)...

I I
shﬁ(oz,lo) s'ﬁ(oz,zo) ...sl‘;l;l‘(oz,on shlﬂll‘f(oz,oz)...

SEE(10.10) SEE(10,20) ... sEM(10,01) sEM(10,02)...

I nu It
EE EE EM EM
§1;;(20:10) Si I(20,20) 871 1(20,01) $171(20,02)...

ME ME MM MM
sYE01,10) S} (01,20) ...s¥M01,01) SMM(01,02)...

s¥E(02,10) shTE(02,20) ...sY{¥(02,01) SN }(02,02)...

AL0)

Al oD
Apy(02)

BL(10)
BL(20)

B,4(01)
Byy(02)

CAL10)]

( 11-2)

Theoretically the generalized matrix is of infinite dimensions corresponding

to the infinite number of eigenmodes. The matrix is truncated to finite size for

numerical calculations.

The generalized scattering matrix technique is useful for dealing with

structures containing several discontinuities. For example, the structure of

evanescent mode waveguide filter with non-touching fins consists of three portions:

the double-step waveguide junctions and the non-touching E-plane fin portion, and

the waveguide below cutoff. Each portion of the structure can be represented by its

L)
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corresponding scattering matrix. These matrices are then combined to obtain the
scattering matrix of the filter structure. The insertion loss and the return loss can be

obtained from the related elements of final scattering matrix.

B. SCATTERING MATRIX REPRESENTATION OF
A DOUBLE-STEP JUNCTION

In this section the scattering matrix representation of a double-step junction
is derived via the mode matching technique[12,13]. As shown in Fig. II-3 Region I
represents the larger guide and the smaller guide is denoted by Region II. The field
is derived from the electric vector potential F and the magnetic vector potential A

[14].

=-VxF+VxVxA/jco£0 ( I-3)

H=VxA+VxVxF/jou, ( I-4)

In this study, it is convenient to choose
A=vyx ( II-5)
F =¢x ( I-6)

where y and ¢ are the scalar functions which represent the electric (TE) wave and
magnetic (TM) wave transverse to the x-direction, respectively, and x is a unit

vector in the x-direction. These potentials are extended in terms of their

eigenfunctions which must satisfy the boundary conditions. The potentials in each
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region can be expressed as follows:

M N-1 RN

¢; = Z [ 2y €xP(-KighmnZ ) + iy Xp(kipprn )P (xy)  ( 11-7) R
m=1 n=0 v

’

»
[y

»
»

,?Q.

’
(RN

M-1N

wi = Z p) [ Cimn cxp( 'kizcmnz )+ dimn exp( kizemnz )]Qimn(x'y) ( 1I-8)
m=0 n=1
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( The notation used in this part is described below:
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d=hore,h: TE-to-x field; e:TM - to -x field
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j =1, 2, or 3 indicates the variable in the region 1, 2, or 3 of
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the smaller waveguide.

A

¢ =X, y, or z indicated the x- , y- or z-direction, respectively
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Qimn*®.Y) = Ty, (x)Vip(y) ( I-10)

are the eigenfunctions of the TE-to -x and TM-to-x field, respectively. Inregion],

these eigenfunctions are represented by : .
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Ry (%) = Ny, sin (mnx / a;) (O-11)

i Sin(¥) = Ngip cos( nmy / b,) (O-12)
Ny =V o D728 Ngu=V @+ /b (I-13)

m=1,2,3, M n=0,1,2,"*N-1

TIm(X) = Num CcOs ( mnx / al) ( II-14 )
Vm()') = NvlnSin ( nry / bl) ( 1I-15 )
Num=V @yt D/a; Nyp=V@,,1/a ( O-16)

m=0,1,2,- M-l n=12,3,"N

where 8 and 3 are the Kronecker delta functions. In Region II, the

eigenfunctions are given by :

"'1‘"{51‘\{&{&?#‘1"" SO rEaS

Snq(¥) = Ngpiq cosl(qr / b)(y-y ] (11-17)
Neng= V@got D7by ( 0-18)
(Nrnlp sin knxlhp( X- xl) X1 <x< X1 + hl :

)

»
’

Nrnzp sin Kppxonp( x-%1-hy)
Rnp(")=ﬁ Xy +hy <x<x;+h;+h,

* Neinp©os krmonp( x-x1-hy)

N
WY S
3 . l' 1’

\ erlsp sin knx3hp( X-X-a) Xy+hy+hy<x<x; +a

( O0-19)

p=1,1,2,P q=0,1,2,Q-1

Vig(¥) = Nypgsin [(gr/ by)(y-y)] (11-20)

Nymq =V ®po D/ ( I-21)
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(Ntmp cos kyrxep( x-Xy) Xp <X <x;+h

Ni2p €08 kyxaep( X-Xy-hy) -
Tnp(x)=< X;+hy<x<x;+h;+h, N

+ Nmp sin kHXZCP( X-xl'hl) (82

. ot
{ Nuspsin kyx3 p( x-x1-2) xp+hy+hy<x<x +a ARG

( M-22) &
p=0,1,2, P-1 q=123,-Q N,

where N ;: and N j =1, 2, and 3, are normalized coefficients of eigenfunctions
rlj tij ,

Ry (X) and Ty, (x) of the smaller waveguide in region j, respectively. They are
given in Appendix C. The mth eigenmodes of TE-to-x and TM-to-x fields in the P

partially filled waveguide in region j are represented by kpxjhm and kyrxjem (They o

correspond to ¥, and Yy, in Part one of this study and can be found as described

e

LN R
7 PRI

in Part one). Here k; ;. and k... are the propagation constants of the mn th TE-

PRI
»'7

and TM-to-x fields in the z-direction, and must satisfy the following dispersion
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equations

7

k21zdmn + ko2 =(mn /a2 + (nn/b,)? ( I-23)
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k%11zdmn + K% = Kixjam + (n70/ by ( II-24) ey
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whered=hore,j=1,2,and 3, k, is the wave number in free space, k; = \/Ejko, Y,
and g is the relative diclectric constant of the smaller guide in region j. The A

coefficients a;1, binns Cimn» and djp, in Eqgs. (1117 ) and (II-8 ) correspond to i

incident and reflected waves and are related to each other by the scattering matrix.

AN
o«
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The scattering matrix can be determined by matching the tangential fields at the step

Zorigh
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54
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[
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discontinuity at z =0. ( Fig. II4 )
EIx,y latz=o0 = ElIx,y | at z=0 in area A, o
Hyxylatz=o = Hixylatz=o inareaA, ‘;ﬂ

Exylatzeo =0 inarea A; - A, (0O-25) A ;{;K

Applying the orthogonality relationship between potential functions leads to the -.?"-';
matrix equation : VA

RS
P/ b : \*

, ’
Ma; 0 -V O W Aimn My 0 Vpyp O W Bimn “32a

0 Vg 0 My, Cimn 0 -V 0 My Dimn

:'-
o

'v )
«

A
‘A

ARy

My Mcp -Van Van BIIpq -My; Mgt Van Van AXIpq

by

%%
[
)

Var -YarMpp Mcnn | | Dpppq ( Var Yar Mon -Menr| | Cupg -
\ﬂ—_/ “ J :\'?t
o,

' "
-
Ml M2 ~

where Mal, M, ...ect. express matrices. For instance, My is a matrix of dimensions

PQx MN. Vi V... are diagonal matrix of dimensions PQ x PQ, MN x MN ...,

T A T e e e e N T A A O P P P
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Amp, Dpq...ect. are vectors of dimensions MN or PQ, and are given in Appendix D.
The scattering matrix of the double-step discontinuity is then given by

Sdain  Sdiz
Sq = = My1-M,

Sa21  Sdzz (1-26 )
To check the validity of the calculations, we calculated the scattering

parameters of a double-step waveguide discontinuity from Ku to K band ( 15.8 x 7.9

mm? to 10.7 x 4.32 mm? ) and compared results with Amdt and Wriedt 's{15]. The
results are shown in Fig. II-5. They are in good agreement. Also, the magnitudes
of the scattering parameters of resonant irises with finite thickness t ( Fig. II-6 ) are
obtained by combining two step junctions with a evanescent mode waveguide of
length of t. The numerical results are compared with available data [12] and are

shown in Fig.II-7 and Fig. II-8. Once again close agreement is observed.

C. SCATTERING MATRIX REPRESENTATION FOR THE PORTION
OF NON-TOUCHING FINS

The scattering matrix for a non-touching fin can be obtained by combining
the spectral domain method with residue calculus. ( The details are described in the
first part of the dissertation.) Since the filter may contain more then one fin element,

a general case must be considered here. Figure II-9 shows that a structure consists of

n fins , which are indicated by F,, F,, ... and F;;. These fins are separated from one
to another by distances T, T,,... and T, ;. To obtain a scattering matrix

representation S for this portion, we consider that a substructure which consists of
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fins F, and F,, with spacing T,. The substructure is shown in Fig. II-10. The

scattering matrixes of fins F; and F,, 8¢, and S¢,, are obtained by the method given

in Part one. With the scattering matrix notation described above, each of these

matrices contains four submatrices and can be written as

(St111 Sfi12]
Sf1 =
Sr121 Sf122
(Sp13 Sf212}
Sa =
\ Spo1 S

4

(Ir-27)

(1I-28)

With the knowledge of the scattering parameters for a single fin, the

generalized scattering matrix technique is applied to obtained a scattering matrix of

this substructure. The concept is that of multible-reflection phenomenon. If a wave

from Region A is incident upon F, fields will be partly reflected back into Region A

and partly transmitted into Region B. After traveling a distance T, a part of the wave

transmitted into Region B is reflected back and the remaining part is transmitted into

Region C via F,. This process continues until the reflected wave dies out. This

multiple-reflection phenomenon between the F; and F, implies a matrix combination

process that leads to the scattering matrix for the substructure.

In Region B of Fig. II-10, the smaller waveguide section with length T,

operated below its cutoff frequency, is represented by the matrix St;. The elements
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of those matrices are easily obtained from the transmission line equivalent circuits of
the waveguide, in which the characteristic impedances are imaginary. Since no
propagation modes exist below cutoff frequency, this waveguide section in the

equivalent circuit acts as a lumped reactance. The wave travels a distance T1 in this

guide so each mode is multiplied by a exponential decay factor exp(-K1,4nT1):

where d = h or e represent TE or TM waves, respectively. In more detail, St can

be written as

St1 =
Sy 0 (11-29)

where the submatrix S;;is given by

0 exp(- X1zho0T1)

eXp(- Kj1ze01T1)
0

0 XD XiggepqTy)

s

(HO-30)

The combination of §;;with S¢)and Sg, results in the scattering matrix §;

f.'

PR |
o, by By

in Fig. I1-9 that represents the cascaded structure. The algebraic process is shown in

oo,
.{’.”.f'-

Appendix E. The elements of matrix S, are given by
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2 3
Saa =St1n1+ St112 Su Uz 81211 Su St 2

3

'{ -
Sac = St1125u Uz St212 %%
L
. oia
Sca = S¢221 54 U1 Se101 nio
Scc =8f222 + S£221 St U1 8122 St Sp212 oo
AT

Uy =( I-S¢122 St Spa1y S .’-E"
- paaY,
Uy =( I-8p; Sy Sg122 i)™ S

where 1 is the identity matrix. In the next step, we consider the substructure that 'E::f
ey

consists of fins Fy, F,, and F3 with spacing T, and T,. The combination of F, {:’.?_"

v

F,, and T, is now expressed by matrix S;. Using S1, and S¢; to represent L
scattering matrices of T, and F; respectively, we obtain the matrix S, of this
substructure in the same way as that of deriving matrix S,. The same procedure is f.-
repeated until the matrix Sg is obtained ( Fig. II-9). oS,
e

(SR
¥

D. SCATTERING MATRIX REPRESENTATION OF CASCADED ;r;
AN

SECTIONS e

'.&::.:\

The side view of the filter can be now represented by Fig.II-11. The .
double-step junctions are described by scattering matrices S4; and S4,. The
capacitive element of the filter is the portion of the non-touching E-plane fins, which ..fn
is represented by scattering matrices S;. The matrix St represents the evanescent ,\

mode guide section, and it can be found in the same way as St;. Since S4;, S4,. o
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S¢, and Sy are all known, the overall matrix S, which characterizes the filter

structure, can be determined from these scattering matrices by the generalized

scattering matrix technique. The elements of the matrix S are given by :

R Sy, )

Si2

R Sy 522) 12 ( 11-31)

where the submatrices Sy;, S15, S,;, and S,, are repraesented by:

S11=S4111 + Sd112 SD™ISU

Si2=Sd112 + SDISV

S1=Sq112 + SD7ISP

S32=Sd111 + Sd112SD71SQ

SD = (I-8;S¢1; 8tSq122) (1-S¢Sgy2 S¢84211) -
S¢Sf12 S184211 StSp218:Sd122

SU =8, S¢11 St Sq121 (1- 8¢ S22 5t Sq211 ) +
S;S£12 8t 84211 St S St Sd12

SV =8, 8¢5 8¢ Sq212 (1- St S£22 S¢ Sq211 ) +
St St12 St Sa211 St Se22 St Sa212

SP = (1-S;S£1;S¢Sq122) St Se21 SeSdnar +
S¢St115tSd121 St Sf21 S¢Sd122

SQ =(1-8;8¢11 St Sq122) St S22 8¢ Sq212 +

St Sf12 St Sd212 St Sf21 St Sd122
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III DESIGN EXAMPLES AND DISCUSSIONS

The behavior of a waveguide below cutoff is basically that of an inductive

element. Capacitive elements are needed for a bandpass filter. The non-touching
E-plane fin may be represented by its equivalent I-network ( Fig. I-2 (d)). The

element values in the equivalent network can be found from S¢. In principle, the

width and height of the fin have to be chosen such that X; (in Fig. I-2 (d)) is
negative, equivalent to a shunt capacitor.

Several filters have been designed by the procedure described above. The
design procedure can be used in a wide frequency range. Howevre in this study,

only bandpass filters operating in Ka band have been considered. In the following
discussion, the larger waveguide is WR-28 (7.11 mm x 3.56 mm) while the smaller

waveguide is WR-15 ( 3.76 mm x 1.88 mm). The center frequency is the most
important quantity for design of a bandpass filter. Attention is first directed to how
the height and width of the single fin, and the distance between the edge of the fin
and the step junction affect the center frequency of the evanescent filter.

Figure. II-12 shows the relationship between the height of the fin and the

center frequency for a filter with the E-plane fin supported by a Duroid substrate

(dielectric constant € = 2.2, thickness h, = 0.127 mm). The center frequency

decreases as the height d of the fin increases, because as d increases there is more

electric energy stored in the gap between the fin and the wall of the guide. This

corresponds to a larger shunt capacitor in its equivalent network while the series
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inductance X, exhibits little change.

Figures I1-13 (a) and (b) show the relationship between the width of the fin
and the center frequency for a fin with a fixed height. The wider the fin, the lower
the center frequency is. The wider fin leads to a larger capacitance and inductance in

its equivalent circuit and hence a lower resonant frequency. ( See Fig. I-12)

The insertion loss versus the frequency for different distance T of the filter
with fixed width and height of the fin is shown in Figs. II-14 and II-15. In Fig.
II-14 the fin is supported by a Duroid substrate while in Fig. II-15 there is no
dielectric substrate. When the fin is separated away from the step junction, the
center frequency becomes higher and the curve becomes steeper. This phenomenon

can be explained as following. To simplify our discussing, we assume that only the

TE;( evanescent mode exists in the smaller guide containing a narrow fin without
substrate. The waveguide can be described by a simple transmission line equivalent

circuit with imaginary characteristic impedance Z, = jX, (Fig. II-16 (a)), or in terms

of its m—equivalent network as shown in Fig. II-16 (b). The fin is represented by
the equivalent T-network (Fig. II-16 (c)). If the value of X; is small compared to X,,

then the equivalent circuit of the filter may be expressed by Fig. II-16 (d), where X,

is given by
X, =120bx/(a v ()./kc)2 -1) (IO-32)
The propagation canstant of the TE;, mode, ¥, is given by

¥ =2nV (mc)i-l/l (II-33)
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in which A is the free-space wavelength and ), is the cutoff wavelength.

The resonant frequency of the filter in Fig. II-16 (d) is mainly determined

by X3 and the parallel inductance L= jXocoth (0.5yT). When T becomes larger, L,

becomes smaller while X7 is unchanged. Hence the resonant frequency becomes

higher. If T is large enough, Ly, approaches to jX since the term of coth(0.5YT)

tends to 1. Hence for large T, the center frequency of the filter approaches to a

certain value. Also the curve becomes sharper when T increases, since the coupling
between the fin and the step is weaker.

With the data presented above, it is now possiple to design a filter with one
fin element. Fig. II-17 shows the results for a filter designed in Ka band using one
fin element without a dielectric layer. The solid curve represents the results obtained
by this analysis and the dashed line indicates the measured data. They are in good
agreement. Figure II-18 shows the results of the filter with the E-plane fin
supported by a Duroid layer. Once again agreement between theoretical prediction
and experimental data is quite good. The small deviation of the insertion loss
between theory and experiment at the center frequency comes from the metal and
dielectric loss.

Figure II-19 shows the. calculated response of a filter that consists of two
equal E-plane fin elements on a Duriod substrate. The height of the fin, the distance
from the edge of the fin to the double-step junction, and the spacing of the two fins
are the design parameters. The 3 dB bandwidth is about 1.6 GHz. Itis noted that

the steepness of the out-of-band insertion loss curve on the higher frequency side in
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Fig. 1I-19 is almost equal to the one or *he lower frequency side. This happens
because the waveguide below its cutoff frequency acts like a lumped reactance.

In general, wider bandwidth and better transmission performance can be
achieved by increasing the number of fins. For a multi-fin structure an optimization
procedure similar to [16] may be used to optimize the performance of the filter.
Alternatively, a filter synthesis can be used to find the required equivalent circuit
parameters in the filter. The necessery fin dimensions and fin spacing can be found
from a look-up table. The center frequency can be controlled by the dimensions of
the fins and the distance between edge of the fin and the double-step junction. The
shorter the height and the narrower the width, the higher the center frequency. Also
a longer distance from the edge of the fin to the double-step junction leads to a
higher central frequency. The height of the fin is the most sensitive parameter to the
center frequency. For instance, in Figs. II-13 (a) and (b), if the width of the fin
chages by 0.1 mm, the certer frequency shifts about 0.5 GHz, while the variation
of 0.05 mm on the height corresponts to about 1 GHz frequency changing (See
Figs. II-12 (a) and (b)).

Since the non-touching fins can be produced by photolithographic

techniques, fine tuning is normally not required.
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(a) Transmission line equivalent circiut for evanescent mode waveguide
(b) t—network equivalent circiut for evanescent mode waveguide

(c) T—network equivalent circiut for metal fin

(d)A simplified euqgivalent circuit of the evanescent mode waveguide filter
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IV CONCLUSIONS

The analysis and design of evanescent mode waveguide filters with
non-touching E-plane fins are presented. In the analysis, the fundamental mode as
well as the higher order modes effects have been taken into account. This is
important in an accurate filter design. The filter designed in Ka band has been tested
and good agreement between the measurement and the theory is observed. It is
believed that this kind of filter will be useful in the millimeter-wave frequency

region.
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APPENDIX A. CLOSED FORM EXPRESSION OF GREEN'S FUNCTION
IN THE SPECTRAL DOMAIN

According to [9], the TM-to-x (LSM) and TE-to-x (LSE) equivalent
transmission lines for the E-plane strip described in Fig. 2 can be drawn in Fig. A-1.

Here,

0 T (1)

Zrwi= .Yl (4-2)
JweE,
Jop -
z-rg,-—-7— i=1,23, n=0,1,2,3-... (A=3)
(]

The driving point input impedance Z® for the TM equivalent circuit is given by

POSR. (A-4)
yi+ i,
where

¢ A-5
Y2y = Yrm3cothvshy ( )
=y yrmz + yicothy by ‘ ( A-6)

2 mzy{ + yrmzcothy,hy

¢ A-7
= ynmcothnhy. ( )

Notice that y°® and y® are input admittances looking left at x = hy and x =h; L hy
respectively, while y®, is the admittance looking right at x = h; + h, Similar

equations can be written for the TE equivalent circuit:
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ro L ' ( A8 )
i+
Y1y = yrescothy;hy ( A-9 )
= ymmcothv,hy ( A-10 )
Yr1ea + yicothy, b, _
Y? = Y13 ( A-11 )

¥t + yreacothyyhy

Finally, the Green,s functions in the spectral domain can be represented by 7N and
Z€ as follows [8]:

G, = ZN}+Z'N} ( A-12)
éyx_é’y-(ze_zh)NzNy ( A-13 )
G""_ZAN'2+ZJN;- ( A-14 )
where
an

( A-15)

- B
Ny Iai'*ﬁz N’Bm

Note that the denominators of Z! and Z€ are the eigenvalue equationn of LSE and
LSM modes.

Y
Wiy Y2.%py Yyl LTS Yol Yy Zygs
. 4 <9 Y > 4
Jy J,,(g
xX=0 =h =ht* = -
x=h, x=ht-hy x=a x=0 x=h, x=hienz x=a

Fig. A-1 The TM and TE equivalent transmission lines for the E-plane strip
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APPENDIX B. EXPRESSION OF NORMALIZED REACTANCE X, AND X,
r The equivalent circuit element values of the non-touching E-plane fin are
derived as follows. In Fig. B-1, the normalized input inpedance Z;, can
be expressed as
Zn=iX;+ 2"
iX,(1+jXy)
=jX;+
I + X +X5)
iX - X Xy -Xp)+ iXp (1+jX))
1+ jX;+X;)
1
= (B-1)
Gin +] Bin
where
1+ X +Xy)
Gy +iBiy = (B-2)
Equation (B-2) can be repressed as
-Gy X (X +2X5) - jBjp X (X + X3) (B-3)
The real part and imaginary part of the left hand side of the Eq. (B-3)
should be equal to those of the right hand side, a set of coupled equations is obtaind:
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Gip X +X;) - BypX, X1 +X;) =(X; +X,) (B-4)

By, (X, +X,;) + Gy X; (X, +2X,) =-1 (B-5)

X, and X, are found by solving the Eqs. (B-4) and (B-5). The result is given by:

[NEAT SRR,

AT

RtS
X, =+ Ba |\, _Gu-1 |7 Py
2 BL+GL-G,| " BL+GL-G, (B-6) A

v &
A

Pl
a
p]

X

]
A

'ch-(azw{j”l' (B-7)
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: Z) = K

in 1 + X +X5)

Fig. B-1 Equivalent circuit to find the normalized input impedance.
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APPENDIX C. NORMALIZED COEFFICIENTS OF THE EIGENFUNCTIONS
IN REGION II o

In reference to Fig. II-4 and Eqgs. 11-3 and II-4, the tangential fields in A
Region I are given by
Ejry =- 09,/ 0z + (1/ jo,g)) 9%y, / Oxdy 1]

=- 2 2 k1zhmnAnimn * Biimn) Prmn - i
m=1 n=0 -

[
. ¥

©0 ©0

(l/j(D Ej 80)2 p (nn/b)cos[nn/b(Y')’1)] ('Cnmn + DIImn) aTm/ ox

m=0 n=1

L
[al

P r,'(‘ . N
.51'7( 2% S

-
LY

(C-1)

AN
it

[/

-

Ejp = ¢y /9y + (1 /jmeoej) 82\VH / dxdz

Ans,
| 4
oY

4

*x

[- I - -]

= - Z X (an/b)sin[nn/b(y-y )] Aqimn * Biimn) Ritmn +
m=1 n=0

Fy

r

oo OO

(1fjoe) 2 X k1zemn CCrimn Pitmn) n sinlnr/b(y-y1)] 0T /ox / g
m=0 n=1

£ LV
‘!Illl
AP

'.""I'r
2, P
o *

| o

LR
&
LY

(C-2) Bt

v
Sy

Hyy = 0y / 9z +(1/ jop,) 3%y / 9xdy o

o0 ©00

=2 2 kzemnCrmn * Piimn) Quimn -
m=0 n=1

o0 00 -\_h“

(1 /j(.op.o) IO (nn/b)sin[nn/b(y-yl)] (AIImn+ Bnmn)aRm/ ox -
m=1n=0

P
.15

P4 .:".:: o

(C-3)
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Hyy, = 0wy /9y + (1 / jou) 920, / 9xdz

(- - - -]

=- ¥ X (nr/b)cos[nr/d(y-y1)] (Crimn + Priimn) Timn +
m=0 n=1

o0 00

(1/jor)Z Z kyzhmn CAnmn + Biumn) sinn/b(y-yy)] dR/ 9x
m=1 n=0

(C-4)
where

Anmn = 2 imn€*P Ckiizhmn? » Bromn = b 1imnexP (Kypzhmn?)

Ciimn = iimn®*P (Kiizemn?) > Primn = 4 1mn®XP &q1zemn?)
(C-5)
The following equations are obtained by matching the tangential fields at the

interface x =x; +h;and x=x; + h; +h,.

Nriom = Nemimsie Kpxihm by (C-6)
kIIx2emY\ItIIZm = -kix1em Ntmms$in Kpxiem M) (C-7)
€, Ntmom = &;Numim¢0s (Kpxiem ) (C-8)
kiixohm Nrmzm = X1ixthm Nriim©08 pxihm by (C-9)
Nri3msin Gyixshm h3)

= Nrmomsin (ypxohm P2) + Neiram©0s Kppxohm h2) (C-10)

ki1x3em Nimmsin Kiixzem h3

= kiixoem Nummsin Kixzem 12) - Nurzm©0s Kirxoem h2)l (C-11)
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8 8 "*

“€3Nu13meostkyzem ha)
= & Nij1ame€0s Kypxoem h2) + Nyppmsin(kypxoem ho)l (C-12) 3
Ki1x3hm Nriram©0s (kpix3hm h3)

= K1xohm INr12me08 Kprxahm 12) - Nepomsin Kpyoem o)l (C-13) e

The coefficients Nyyg; and Nyyy; are normalized such that f.ﬁ”‘

X +a X +a

Jan(x)dx=l and JT"m(x)dx=1 ( C-14)

Xl Xl
Normalization leads to the results

[ kp1x3hm €05 kix3hm 13)12 i

[ kp1x 1hm €0SCKqpx 1hm P1)c0s(kypxonm o) - o
Kirxohm $inCkirx thm h)sinCkpxonm ho) 12(0.5h; - =i
0:25sin 2 ktxshm ha) kirxahm 1+ [5in( ke B2 ’
[ 0.5hy +0.25sin (2 kigyohm Po)/ Kixohm 1+

[krixihm ©05(kiix1hm M1/ Kixzhm 12
[ 0.5h, - 0.25sin (2 kypeohm M) Kirxohm 1 + )
sinCkyix1hm 1) Knxihm ©08CKixihm 1) /Xiixohm R
[ sin( kypxohm hp)1? )12 (C13) R

N omcmc e R -e - @c-ucTp A A RIS T A
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RO AR AR TN AR RO e oy 8% 0% 0% % 8% 2% 8% A% 3te £'aA%a 8% 2% 2% ' 800 A% 8% AVatat, 2l 2t 2Rl N VERY

NtIIlm =0.5 ( 1+ 8 { [ O.Shl + (.25sin (2 kHXICm hl)/ kIleem ] / El+

mO)
[e5¢08( kypy3em N3)1 2 [ €,608( ki em hy)eos( Kyxoem hy) -

& kyixiem Si0Ckpx1em 1SN Kyxoem 1) / €1 Kiixoem 1%/ &

[05h3 + 0.25sin (2 knx3em h3)/ knx3cm 1+

[ Kiix1em DsinC ki iem M) / Kixoem N2/ €,

[ 0.5h, - 0.25sin (2 kyjx0em Do) Kip2em 1 *

[ &,c08( kyxyhm hy) /€512 /€

[ 0.5h2 + 0.25sin (2 kath h2)/ kIIthm ]+

[ kx1em Dsin(kyxrem h1) / kpxoem ho) [ €,€08(kypx1hm hy)

[ sinCkyonm b)) /€, )12 (C-16)

The othercoefficients such as Nijjam Nr12m | . . can be obtained from Egs. (C-6)
to (C-13).
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APPENDIX D. DERIVATION OF THE SCATTERING MARTIX
FOR THE DOUBLE-STEP JUNCTION

In reference to Fig. II-3 and Eqs ( II-3) to ( II-24), the tangential fields in

Region I can be written as

Eqy =-3¢,/9z +(1/jwe,) Py / dxdy
M N-1

=- 2 2 kizhmn-Atmn + Bimn) Plmn - ;"":-
m=1 n=0
M-IN RO
(1/joe O)E b Nkmn(mnnz/albl) sin(mnx/ag) cos(nny/b1) (Cypp + Pimp) ‘,,\j,
m=0n=1 -~ .
(D-1) e
Epe = (1/ jweg) (3% /3524 k) yy %
M:IN .
= (l/j(l)ﬁo) IO k02_ (mm/ a1)2] Cimn* Pimn) Qumn d
m=0 n=1 oy
(D-2) o
Hyy = 9y;/ 9z +(1/joig) 3%, / xdy =
M1 N 4
=X Zkizemn-Cimn * Pimn) Qmn - o
m=0 n=1 (:\-
M N-1 o
1/ jmllo) pID NIhmn(mnnzlalbl) cos(mmx/ay) sin(nmy/bq) (Aypmn+Bimn) :'.::;'
m=1 n=0 ~ 1
(D-3) -
Hyy = (1/jony) (327 3x2+ ki2) ¢
M N-1
= (1/jou) PADN k02_ (rar / a1)2] (Atmn* Bimn) Prian
m=1n=0
(D-4)

where
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Afmn =2 Imn®*P CKIzhmn?) »  Bimn = b 1mn®*P (izhmn?)

Cimn =CImn®*P (Kizemn?) >  Dimn =9 1mn®*P (kizemn2)
(D-5)
In the Region II the tangential fields are given by

Eqry = - 90y / 9z + (1/ joee)) 9y / Oxdy
P Q-1
= - X X k1izhpq(-A1lpq * Bipg) Piipq + (1i®ex)Nyjiq

p=1¢=0
P Q

Z 2(1/&; (0)) (@ub)eoslambly-y1)] (-Cripg *+ Prpg) 3T/ 3
p=0g=1
(D-6)
Eqx = (1/ joeyg;) ( 32/ 3x2+ kujz ) Vi
' P1Q
= (l/jwe,) X ( knjz' kIIxjepz) (Crpq Pripg) Quipq/ &(®)

p=0g=1
(D-7)

Hyry = 9y / 0z + (1/ jony) 3%, / 9xdy
P-1Q
= 2 Z ki1zepq-Cripq + Plipg) Qlpq -
p=0g=1
P Q

(1/jop )X Ni15q(@m/b)sin{qr/b(y-y )] (Aqppg+ Bnpq)aRp/ ox
p=1¢=0 :
(D-8)
Hypy = (1/jomg) (3% /3x2+ k) o
P Q
= (jory) T 2 ( kIIjz' kIIxjhpZ) (Ampq* Bripg) Pripg
p=1g=0

9l
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where
’ Aupq =2 []pqeXP ('kIIzhqu) , Bnpq =b IpqS*P (knzhpqz)
Chpq = lipq*P (-kllzepq?»  Dripq =9 mpq*P (kiizepq?)
(D-10)
< Match the tangetial fielde at z=0 and in area A9 leads to
i
!
M-1 N
‘ Y 2 [ko2- (mn/21)?] C1mn* Imn) Umn
g m=0 n=1
: P Q
\ = 2 [ (qubY?- kypzjep®] Cripq+ Aipg) Quipg /&)
X p=0g=1
W (D-11)
R M N-1
t Z % kizhmn(-21mn *+ Pmn) Pimn +
m=1 n=0
b MN
: (1/j0e )E £ Nigmn(mnn/a;by) sin(mnx/ag) cos(any/by) Cimn + dfmn)
. m=0 n=1
PQl
; = X Zkyizhpq(-afrpq + Pripg) Pripq - (1iwe,) Nynig
-‘: p=1g=0
:: ' P1Q
" 2 X (qrb)cosqr/bly-y )] (-cripq + diipg) 9T,/ 9% / €j(x)
' p=0q=1
‘: (D-12)
)
' M N-1
5 2 2 [ko2- (mn/ 21)%) @fmn* bimn) Pmn
m=1 n=0
jE‘ . P Q-1
: = T E (a2 kpiep?) (aripg* Pripg) Pripg
W . Fl H)
(D-13)
! 5
4
. |
b))
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;’:‘:':"':J‘.:':.:‘_l'e. (] ‘! l'a_l’"‘egt.‘v!“::':'u L) "l, .:‘.l.l % l':‘“v Q.o -‘l‘o “:i . '. .. ‘. l'o ~ [ l'n \’ " 2 ‘.\i ( TN o




93

M-1 N
Z Z knupq('clmn + dlmn) len -
m=0 n=1
MN-1

(1/joliy) T Nppomn(mnn?/ag by) cos(mmx/ay) sin(ary/by) (afmn*+DImn)

m=1 n=0

P-1 Q
=3 % K{1zepq(-SIIpq * S1ipg) Qmipq -
p=0g=1
P Q

(1/jonsg) T Nypro(qwb)sinfqrb(y-y )] (aprpq+ bripg)dRy/ 9

p=1g=0

(D-14)

After applying the orthogonality of the eigenfunctins, following equations are obtained

M N-1 M N-1
Z Z Ma](m,n-P,Q)aImn-vbn(p.Q)bnpq= 'z 2 Ma_I(mJlsp’Q) blmn + Vbn(P,CD anpq
m=],n=0 m=1,n=0

(D-15)

P-1Q P-1Q
-2 3 Mgp(m,n,p.9)dy1pq +Ve(man)epm = 2 IMgr(m.n.p.9) €ripq - Ver(™:n) dimn
p=0,g=1 p=0g=1

(D-16)

MN-1 M-1N

T ¥ Mp[(m,n,p.Q)apmn+E T Mc(m,n,p.q) ¢imn -Vail (9.9 brrpg + Vdri(P-a) diipg
m=1,n=0 m=0,n=1

MN-1 M-1N

=-3 T Mp(mn,p.0)bmn+Z £ Mc1(P.n,p.9)dmn*VanI(PDagipg+ Vdii®:a) Clipq
m=1n=0 m=0,n=1

(D-17)

PQ-1 P-1 Q
Z% Mppr(.q:m.n) byyp+X X Mcpy(p.g.m,n) d11pq Va1 (Mn)agm-Vgr(min) Cmn
p=1.q=0 p=0.q=1

P Q1 P-1Q
=X 3 Mp1(p,q.m,n) anp-Z I Mcqi(p.q:myn) cpipg+Val (@.0) bimn* Var(mn) dimn
p=1q=0 p=0.q=1

(D-18)
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where
yi+b x+a

My (mn,p.g) = [ ko2- (mx /21)?) fdy | dx Pypp(x.y) Pripg(x.y)
n X1
y1+bxy+a

Mgr(m.n,p.g) = [ ( qr/b)2- knmpqzl Jdy Jdx Quun(x.y) Qurpg(x:y)/ &(x)

n n

Mp(m,n,p,9) y1+bxy+a

= Nipmnmnn /(a1 johg Niemn ) J dy | dx Quma(x.y) Quipg(®x.y) / &)
)| X1
yl+b Xl+l

M_1(,1,p.9) = kizemn | dy J dx Qqrn(x.¥) Qrypq(x¥) /&%)
Y1 x

1
y1+d x1+a
Mp(m.n,p.9) = Kyizhpq } dy lIdx Qimn(%-¥) Qupg(x:¥)
n x

M. q(m.n,p.q) y1+bx;+a
= Ny1qaw (we,b) fdy | dx cos[qr/b(y-y1) Prmn(x:y)9Typ(x) / 0x / g (%)
1 oxn

Vo ® = ( qm/b)?- l‘2IIz<:pq

V(man) = ko2 (mx/ aq)?

= (qn/b)>- K21zepq

Van(p:@) y1+b xj+a
= Ngp1qd™ (0H,b) fdy [ dx sin[qmn/b(y-y1) Qqrpq(x:y)ORpp(x.) / Ox / € (x)
n x

Var(m.n) = kfzhmn
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"
V gr(m.n) = mnxZ/(a;b; joe, ) et

Equations ( D-15 ) to ( D-18 ) may be written in matrix form W,

'Mal 0 -vbn 0 ) 'Almn\ ('Mal 0 Vbn 0 W fBImnW "-""
0 Vg 0 Mgy | |Crmn 0 Vg 0 Mgy | | Dimn N

Mpr Mc1 -Van Van| | Bopg Mpr M1 Vanr Van | | Anipg i

| VarVar Mo Mcrr| | Diapq| LVal Vo My - e} |Cripq) RO

where M, is a matrix of dimension of PxQxMXxN and is given by : e,

(My1(1,0,1,0), Mgp(1,0,1,1) ... My (1,0,M,N-2), M,(1,0,M,N-1) )

M,;1(1,1,1,0), My((1,1,1,1) ... Mg(1,1,M,N-2), Mo1(1,1,M,N-1) 2

M,1(2,0,1,0), My1(2,0,1,1) ... My(2,0,M,N-2), M,1(2,0,M,N-1) !

M,1(2,1,1,0), Mg[(2,1,1,1) ... Mpy(2,1,M,N-2), M,(2,1,M,N-1)

M(P,Q-2,1,0), My1(p,Q-2,1,1) ... Mgr(...), Map(P,Q-2,M,N-1) <

| My(P.Q-1,1,0), Myp(p.Q-1,1,1) ... Mgy(-..), Mpp(P,Q-LM,N-1) | R

The dimensions of matrix MdII. MbI, M| , Mbn,and M, are PxQxPxQ,

-

1 55

MxNxMxN, MxNxMxN, MxNxPxQ, and MxNxPxQ, respectively. The Vi is a

"
b
o

o

diagonal matrix of PxQxPxQ. It is represented by
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(Vp00) o0 0
0 Vg o0 ... e
0 Von@:2) 0 B

o O
o O
FEh
o

vbn = ) ) : Y
O .‘:.ﬂ‘.‘
0 Vp(Q-2Q2) 0 Rty

[ 0 0 0 . Vpm(@LQD R

Other diagonal matrices such as Vo Var Vpyy ...etc. may be obtained similarly. 3
In Eg. (D-19), Ay » Dyypq » - are the coefficient vectors of dimensions of
MxN, Px Q.... and so on. For instance, Ay, is a vector of dimension of MxN and oy
is givenby >
Aimn = (2110, 2111, -+ 3120, 2121, - Am(n-2)  Am(n-1)] ©
where T indicates a transpose operation. Aty
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APPENDIX E. DERIVATION OF SCATTERING MATRIX FOR
THE CASCADED DISCONTINUITIES

From Fig. II-10, the following matrix equations can be derived:

( N
RA) Sein Seipz| | 1®
R® \sm, St1zz 1@ (E-1)
\
& (A RS 1(2)\
3 | 3 )
©®) % o | @ (E2)
\ p 3
R®) Sein Seiz) | 19
RO S Stz (19 (E-3)
Equation ( E-2 ) is substituted into ( E-1 ) to obtain
R® = 56, 1A | Sgy, S¢ RO (E-4)
R® = 5415 1A | Sp1p S RO (E-5)
Next, ( E-2 ) is substituted into ( E-3 ) to get
R = Sp;; S RD + 85, 1© (E-6)
RO = Spy S RO+ 8y, 10 (E-7)
;-y:\',-s;\:;-.:P\:,'.'_,'."-.:, '''''
PG W, e N I g PR
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Equations ( E-5) and ( E-6 ) are used to isolate R@® and R®) :

R® = U; 815 10 + U; S5108; Spp5, 1© (E-8)

RO = U, Spp11 Sy S IV + Up Spppp IV (E9)
where

Uy =(I- S£12 8¢ Spo11 8¢ (E-10)

Uy = (I- Sg1y 8¢ S£15, 5¢)* (E-11)

Where 1 is the identity matrix. Finally, equations ( E-8) and ( E-9) are
substituted into equations ( E-4 ) and ( E-7)
RA = [Seyqy+Se112 St Uz S St S1zd I
+ S112 8¢ Uz Spp1p 1O (E-12)

RO = 8§31 S, Uy Sgpgy I +

[S£222 + 221 5t Uy Sg122 St Sgana) 19 (E-13)
The submatrixes Sy 5, S ¢ Sca, and S are easily idetified from the above
equations.
l
' A P L OV AR P AT L O e SN A O A I L (N S S o T O Ty R N R
R R T T N N,



o

R

it

” ow

i

REFERENCES OF PART ONE -

l.l.|

: "-&.

[1] P.J. Meier, "Two new integrated-circuit media with special advantages at .':::::_
U |l.

millimeter wavelengths,” IEEE-GMTT International Microwave Symposium A

]

Digest, pp.221-223, 1972. L)

::"»“"d!

[2] P. J. Meier, "Integrated fin-line millimeter components,” IEEE Trans. i ,

R

Microwave Theory Tech., Vol.MTT-22, pp.1209-1216, Dec. 1974. "‘"‘

[3] Y. Konishi, K. Uenakada and N.Hoshino, "The design of planar circuit o3 >
f A

mounted in waveguide and the application to low noise 12-GHz converter," t%'

S0

IEEE S-MTT International Microwave Symposium Digest, pp.168-170, S0

1974, SS;.E ;

PRy

[4] Y. Konishi and K. Uenakada, "The design of a bandpass filter with inductive '.;4:_\
atrte)

strip-planar circuit mounted in waveguide," IEEE Trans. Microwave Theory Ll

Tech., VoLMTT-22, pp.869-873, Oct. 1974, =0

'*.":‘:"’

[5] Y. Konishi, "Planar circuit mounted in waveguide used as a downconverter," A
RO

IEEE Trans. Microwave Theory and Tech., Vol. MTT-26, pp.716- 19, Oct. ehs

1978. E::Qu

[6] Y.C. Shih, T. Itoh and L. Bui, "Computer-aided design of millimeter- wave 'j.:.,:_:
W &

E-plane filter," IEEE Trans. Microwave Theory Tech., Vol.MTT-31, -":V'f
pp.-135-141, Feb. 1983. And

. _’:. '..\ }

(71 K. Chang and P.J. Khan, "Equivalent circuit of a narrow axial strip in :'._::.:
. .I'\

waveguide," IEEE Trans. Microwave Theory Tech,, Vol. MTT-24, pp.611- :';S::'

615, Sept. 1976. ::2}.\

(8] R. Collin, Ficld Theory of Guided Waves, New York McGROW-Hill, 1960, %

! (

pp.224-232. Ry
RN

e

Ae

i

R0

AN

e R A" e A a7 e e At e o e U oy
T N R L A A S RS ey



ST
Te
foight .y

+
[}

ARANPS SUPCILY 2R b T8 ¥ 4 ‘e e Fad e S et hoa Aotk og'ioa’v gt Wt g a%h of2 ot

100
[9] T. Itoh, "Spectral domain immittance approach for dispersion characteristics of

generalized printed transmission lines," IEEE Trans. Microwave Theory
Tech., Vol. MTT-28, pp.733-736, July 1980.

[10] R.Mittra and S. W. Lee, Analytical Techniques in the Theory of Waveguide
Waves, New York: Macmillan, 1971, pp. 4-11.

QU 0 ¥ T S T o A e T I T A W e e WAL W S S s vt
) { o o & o * R S I IS
Ky ‘.“,l. 'l."l"'::',l. J,.\.,l.'h".l. Al . W38 | A5 "(ﬁ WA, AN “ o™ n v a L \- ‘\'“""

]
A

y YT N Y
. ,

Ty Yy
PtV
AR
P L

~ P
t.‘;.'_-.:-. ;.'
RRIFRT

Pd
7
o T )




1
_l
17.

O -‘..~,-".‘.- ST AR P
A |..|”5‘..‘*‘ l' L) \'5 g

101

REFERENCES OF PART TWO

1] E. T. Jaynes, "Ghost Modes in Imperfect waveguides,” Proc.IRE, Vol.46,
pp-416-418, Feb. 1958.

[2] W. A. Edson, "Microwave Filters Using Ghost-Mode Resonance," IRE
Electron. Components Conf., Vol. 19, pp. 2, 1961.

(3] G. Craven , "Waveguide Band-pass Filters Using Evanescent Modes,"
Electro Lett. Vol. 2, pp.251- 252, 1966.

(4] G. Craven and C.K.Mok, "The Design of Evanescent Mode Waveguide
Band-pass Filters for a Prescribed Insertion Loss Characteristic,” IEEE
Trans. Microwave Theory Tech. Vol. MTT-19, pp. 295-308, March 1971.

[5] R. Snyder, "New Application of Evanescent Mode Waveguide to Filters
Design," IEEE Trans. Microwave Theory Tech. Vol. MTT-25 pp.
1013-1021, Dec. 1977.

(6] CXK. Mok, "Diaphragms in Evanescent Waveguides," Electro Lett. Vol.
4, pp. 43-44, Feb. 1968.

N Q. Zhang and T. Itoh, "Spectral- Domain Analysis of Scattering from
E-plane Circuit Elements," IEEE Trans. Microwave Theory Tech. Vol.
MTT-35 pp. 138-150, Feb. 1987.

(8] S.B. Cohn, "Direct-coupled-Resonator Filters,” Proceedings of the IRE,
Vol. No.2, pp. 187-196, Feb. 1957.

9] G. L. Mattaei, L.Young, and E. M. T. Jones, Microwave Filters,

Impedance-Matching Networks, and Coupling Structures. New York:
McGraw-Hill, 1964, Chapter 8.

X \'{\(A‘ ~. {.-" L LA - u.:..‘.-
’ -
AN '\f""’\"x\\x-v"

4
\‘.

R R
\1.0..\, AT



Voo o KT g 3 K gk g 408 die £y Eip a¥g gt LR R T PR RA NN R ERERY AN ROV RN NU YL PU P (YRR T DT O, O

PRI
48
—
102 ':EE
f i
[10] J. Pace and R. Mittra, "Generalized Scattering Matrix Analysis of T
Waveguide Discontinuity Problem," Quasi-Optics XIV, Polytechnic Institut .:':C
of Brookline Press, NY. pp. 172-194, 1964, N :';3:'
[11]  R.Mittra and S.W. Lee, Analytical Techniques in the Theory of Guided ?:?._J:_':
Waves, New York : Macmillan, 1971, pp. 207-217. ”:ﬂ ;
(121  H. Patzelt and F. Amndt, "Double-Plane Steps in Rectangular Waveguide ,é,:
and their Application for Transformer, Irises, and Filters," IEEE Trans. ;-:;‘f.
Microwave Theory Tech. Vol. MTT-30 pp. 771-776, May 1982. ‘f;
[13] TX. Chu, T. Itoh and Y.C. Shih, "Comparative Study of Mode-Matching r:z;
for Microstrip Discontinuity Problems," IEEE Trans. Microwave Theory 5.“'
Tech. Vol. MTT-33, pp. 1018-1023, Oct.1985. :}}f
[14] R. F. Harrington, Time-Harmonic Electromagnetic Fields, New York, :,.
McGraw-Hill, 1968. A
[15] F. Arndt and T.Wriedt, "Computer-Optimized Multisection Transformers :-‘_;:-'ﬁ ‘
between Rectangular Waveguide of Adjacent Frequency Bands," IEEE E_:éz
Trans. Microwave Theory Tech. Vol. MTT-32 pp. 1479-14847 Nov. g:p
1984. :
[16] Y. C. Shih, T. Itoh, and L. Q. Bui, " Computer-Aided Design of Millimeter "
Wave E-Plane Filter," IEEE Trans. Microwave Theory Tech. Vol. MTT-31 PR
pp. 135-142, Feb. 1983. \
S
-e
=
2
R
2
i

AP -(\l‘%f RCHY 'v""lf..f N ,"‘.'v'.‘-.','»'..".‘\..‘I.'l."’..".-" A A A A N T S L e e
bt K 20 ) Vg P o I " . DIPEIPEE LAR  R ] y * -
ROAII U i Pt 2 ‘o




AL AR R A AN

0

o

AN ATNA N L)

AN AR AR T

VT e e

- Np W W -

[RoOr So~ o2

L N

-,

2

-

3 ST g




